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Abstract: In this paper we present and experimentally validate a low-cost design of a spectral 
splitting concentrator for the efficient conversion of solar energy. The optical device consists of a 
dispersive prismatic lens made of polycarbonate designed to simultaneously concentrate the solar 
light and split it into its spectral components. With respect to our previous implementation, this 
device concentrates the light along two axes and generates a light pattern compatible with the 
dimensions of a set of concentrating photovoltaic cells while providing a higher concentration ratio. 
The mathematical framework and the constructive approach used for the design are presented and 
the device performance is simulated using a ray-tracing software. We obtain spectral separation in 
the visible range within a 3x1 cm2 area and a maximum concentration of 210x for a single 
wavelength. The device is fabricated by injection molding and its performance is experimentally 
investigated. We measure an optical transmissivity above 90% in the range 400-800 nm and we 
observe a spectral distribution in good accordance with simulations. Our results demonstrate the 
feasibility of the device for cost effective high efficiency concentrated photovoltaic systems. 
 
1. Introduction 
Solar energy holds the potential to become a cost-effective source of energy in the near future[1]. 
Two are the main pathways for harvesting solar energy: solar thermal and photovoltaic. Solar 
thermal collectors transform the solar radiation into heat that can be either stored for later use or 
directly fed to further conversion stages, while photovoltaic receivers (PV cells) can produce 
electricity directly from sunlight. Differently from thermal absorbers, which are able to capture the 
entire solar spectrum, PV cells have a fixed spectral response that depends intrinsically on the nature 
of the material. Semiconducting materials absorb photons having energies greater than the band gap: 
the band gap energy is partially transferred to useful electrical charge carriers, while the excess 
energy is quickly dissipated as heat after carriers’ thermalization[2, 3]. On the other hand, photons 
with energies lower than the material band gap do not generate carriers and are often weakly 
absorbed. Given the wide spectral content of the sunlight (most of the power lies between 350 and 
2000 nm, corresponding to a range of energies from 3.55 to 0.62 eV), a single material cannot 
efficiently generate electricity. Shockley and Queisser studied the theoretical limit of the efficiency 
of a single junction solar cell and found that the limit for a silicon PV cell under 1 sun illumination 
is approximately 30%[4]. Polman and Atwater calculated the energy losses due to thermalization 
and lack of absorption in a single junction solar cell and concluded that these two mechanisms 
account for at least 40-45% of the total losses[5]. Reducing these losses, even partially, could allow 
the development of solar cells with efficiencies above 50%.  
 
An effective approach to alleviate the spectral mismatch issue of solar cells consists in 
simultaneously using different absorbers to harvest the solar energy. Such approach has brought to 
the development of multi-junction (MJ) solar cells, where cells with decreasing band gaps are 
stacked on top of each other and connected in series[6]. This design allows the top layer to absorb 
the high-energy photons, while the lower layers absorb the lower energy photons that cannot be 
absorbed by the top layer. Although the effectiveness of such approach has led to commercial cells 
exceeding 40% of efficiency and laboratory efficiencies as high as 44.7 %[7], the stacking of 
different mono-crystalline materials requires a tight lattice matching, thus imposing a severe 
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constraint on the materials choice. Sub cells current matching requirements due to the series 
connection and the need for tunnel junctions between sub-cells further limit the design freedom. The 
resulting fabrication process of MJ cells, generally based on stacked mono-crystalline III-V 
materials, requires expensive epitaxial growth techniques and is, for this reason, economically viable 
for terrestrial application only under very high concentration (around or above 500x)[6]. The high 
optical concentration level, in turn, raises a cascade of optical design issues and leads to very small 
acceptance angles of the system, thus imposing demanding and expensive requirements on the 
mechanical tracking system[8]. Although possible solutions to the drawbacks of MJ cells have been 
proposed in the literature[9-11], such approach still remains limited to niche applications.  
An alternative approach to MJ solar cells consists in separating the sunlight into various wavelength 
bands and directing each band to band-matched absorbers[12, 13]. With respect to MJ solar cells, a 
spectral splitting solar system does not impose any limit on the choice of materials or manufacturing 
process, as the cells are physically independent. Cells are arranged in tandem on the same 
supporting structure and can be therefore independently manufactured with any technique, without 
concern for lattice mismatch. Moreover, current matching among the different absorbers is not 
necessarily required as separated converters can be used for each homogeneous cell group or 
different multi-cell parallel/series connections can be devised. Finally, spectral splitter systems, 
allowing for cheaper cells, open the way to lower concentration and higher acceptance angle optics 
with respect to MJ solar cell systems, leading to more relaxed requirements on optics and 
mechanical solar tracking of the setup. 
Different designs have been proposed in the literature to achieve spectrum separation. Spectrum 
splitting holographic elements, which are fabricated recording an interference pattern on a 
holographic medium, represent a relatively cheap solution for spectral splitting applications [14-16], 
but suffer from low optical efficiencies due to noise or undesired interference effects [13]. Thin 
diffractive-optical elements, which are characterized by a micro-structured surface, have been used 
for spectrum splitting applications[17-20] because of their versatility, which allows achieving 
different spectral combinations. Nevertheless, the high cost and complexity has limited their use. 
Dichroic filters, made of periodic sequences of thin dielectric non-absorbing layers with high 
refractive index contrast, represent an efficient solution for spectral splitting applications[21, 22], 
but require expensive deposition techniques as well as precise control of layer thicknesses. The same 
applies to rugate filters, which are generally more robust and have a higher durability with respect to 
thin-film optical filters, but require expensive fabrication techniques and are highly sensitive to light 
incidence angle[23]. 
In this paper we present a low-cost design of a dispersive optical element capable of simultaneously 
concentrating and splitting the solar light. The element consists of a sequence of trapezoidal prims 
arranged in a curved shape envelope. Each prism works independently and their orientation is 
designed in a way that the spectrum generated by each of them sums up at the focal plane: this 
allows obtaining spectral separation while increasing the light concentration. The element is 
designed using polycarbonate (PC), a transparent plastic material, but the design procedure can be 
applied to any optically dispersive material. With respect to our previous implementation[24], this 
element concentrates the incoming light along two axes on a finite area matching the dimensions of 
multiple concentrating photovoltaic cells. The device is fabricated by injection molding, which 
allows for low-cost mass scale production. In the following sections we present the conceptual 
framework and the mathematical building model used to design the element. The performance of the 
element is simulated using ray-tracing software and the validity of the design is verified 
experimentally on a prototype. Our characterization aims at proving the feasibility of the element for 
cost effective high efficiency concentrated photovoltaic systems. 
2. Optical design principles 
The optical design follows the same principles described in [24] where we presented an optical 
element defined as a set of solid transparent components, each operating independently. The basic 
component is a simple dispersive triangular prism. In optics, dispersive prisms are used to split a 
white light beam into its different colours: the separation among distinct wavelengths depends on the 
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geometry of the prism and on the inherent dispersive characteristic of the material it is constructed 
of. Figure 1a shows a schematic of the splitting by a prism. For simplicity, we define the optical z-
axis to be parallel to the direction of the light incident on the prism, assumed to be perfectly 
collimated. The geometrical parameters that affect the prism behaviour are the angle formed by the 
normal of the entrance facet with the light rays (defined as! !") and the apical angle of the prism 
(defined as A). The material parameter is the index of refraction n!. Based on the parameters !" and 
A, we derived an analytical formula for the deviation angle between the incoming and the exiting ray 
D! [24]: 
D! = I1 ! A+ sin!1 n! "sin A! sin!1
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Equation (1) shows that for a given value of !" and A, the deviation angle depends uniquely on the 
refractive index of the material n!. Given that n! depends on the light wavelength according to the 
dispersion characteristics of the material, different colors will be refracted along separate angular 
directions. The result of the separation can be appreciated observing the light pattern on a receiver 
positioned away from the prism. 
The design presented in [24] combines the splitting effect of many prisms to allow also for light 
concentration. Figure 1b shows the concept of the prismatic element. A set of prisms is arranged 
along a curved line in a way that the light rays of a specific wavelength converge in the same point
at a distance Z from the element. The superposition of each prism contribution results then in a 
concentrated and spectrally divided beam. The distance Z is mainly determined by the curvature of 
the lens, while the concentration ratio depends on the number of prisms: the greater the number, the 
greater the concentration.  
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Fig. 1. a) Splitting of a single triangular prism. The two wavelengths depicted are separated in space at the focal plane 
according to the dispersive behaviour of the material as well as the geometrical parameters of the prism. b) Conceptual 
drawing of the prismatic spectral splitting concentrator presented in [24] with a detail of the beam splitting effect through part 
of the component. The figure shows that the element is able to deflect two reference wavelengths on two distinct points of the 
receiver.  
The design described till now is two-dimensional. In [24] we extended the design of the element in 
the third dimension simply by extruding the two-dimensional contour in the direction perpendicular 
to the page plane (x direction). This resulted in a linear one-axis concentrator (denominated single 
element spectral splitter concentrator) whose design is illustrated in Figure 2a. The device was 
experimentally realized by mechanical machining and the spectrum obtained at the focal plane was 
analysed (Figure 2b). Although a good spectral separation was obtained along the y-direction, 
confirmed also by the spectral analysis[24], the light pattern obtained at the focal plane was big 
compared to the dimensions of an ordinary concentration photovoltaic cell (1x1 cm2), particularly 
along the x-direction. This resulted in a low concentration factor and in a poor efficiency of the 
overall spectral splitting conversion system (data not shown). In addition the fabrication process 
ended up being expensive (around 1k$ per piece) given the dimensions of the device (approximately 
7x11 cm).    
 
Fig. 2 a) Illustration of the single-element spectral splitter concentrator presented in [24]. It consists of a sequence of 
triangular prisms arranged along a curved line. It was designed in two-dimension and then extended in the third dimension 
simply by extruding the planar design. b) Picture of the spectrum obtained at the focal plane with the single-element spectral 
splitter concentrator. It shows clear separation within the visible part of the solar spectrum. 
The main limitations of the design in [24] were in summary the ability to concentrate and split the 
light along a single dimension (y) and the high cost. Evolving from that design, we attempted to add 
concentration also along the x dimension and to lower the cost of the device by shrinking its size. 
To address the first point we followed the procedure illustrated in Figure 3a where, conceptually, the 
x-extruded element was divided into an odd number of sections by planes perpendicular to the x-
axis. While the central section was left unchanged, the other sections were modified by properly 
tilting each exit facet of a small angle u around a vertical axis parallel to y. This tilting allows 
introducing a beam deflection in the x-z plane, calculated for each section by using Snell’s law to 
superimpose the section-generated image with the one of the central portion (Figure 3b).  
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Fig. 3 a) Splitting of a single prism for the old (left) and new (right) design. The prism on the left splits and concentrates the 
colours along the y direction, while the one on the right concentrates also along the x direction. b) x-z section of the new 
design. The original element was divided in an odd number of sections and non-central portions were modified by tilting the 
exit facet of a small angle u. This allows for concentration in the x-direction c) Design of the point-focus spectral splitter 
concentrator. The element is composed of 30 trapezoidal prisms arranged in a curved line. Such configuration allows the 
element to spatially separate different wavelength bands of the solar spectrum while concentrating the light into a small spot 
on the focal plane.  
 
As multiple possibilities exist for the choice of the tilt angle u, we performed this task preserving the 
continuity of the overall element facets to allow for manufacturability. Spectral splitting along the x 
direction is essentially non-existent as the facets angle in the x-z plane is extremely small with 
respect to that on the y-z plane. Still, computer based optimization was necessary to obtain a thin 
concentrated beam profile in the x direction. As a consequence, instead of a rectangular concentrated 
region, where splitting occurs only in the y direction, a slightly concave profile is obtained, without 
significant impact on the overall system performance. 
In addition to that, we sensibly reduced the size of the element to allow for its fabrication by 
injection molding: this allowed us to increase the number of prisms while still cutting the cost of the 
element mold. This is an essential step in conceiving, from the very beginning, a design compatible 
with mass production constraints. Fig. 3c shows two illustrations of the final design of the element. 
The approximate area of the device is 7x3 cm2, with an average thickness of 2 mm. Within its 
volume, 30 prisms are arranged. 
 
3. Ray-tracing based optical analysis 
 
In order to verify our design, we imported the model into a commercial ray-tracing tool (TracePro) 
and realistic optical simulations were performed to verify the predicted behaviour. A controlled 
divergence beam impinging on the concentrator was defined according to the angular distribution of 
the sunlight (max. divergence angle 4.8 mRad[25]). The parameters used for the simulations 
(material dispersion curve, number of rays, etc.) are reported in the supplementary material. The 
receiver is positioned 36 cm away from the axis of the optical element and 23 cm below with respect 
to the center of the optical element. Such distance between the spectral splitter and the receiver is 
required to achieve spectral separation. Shorter focal distances and therefore more compact systems 
can be obtained using steeper prisms at the expense of higher optical losses due to partial internal 
reflections at the exit facets. Figure 4a shows the results of ray-tracing simulations for two separate 
wavelengths, demonstrating how the optical element separates and concentrates the two different 
wavelengths. The figure shows that rays of different wavelengths are focused on different areas of 
the receiver, confirming the predicted behaviour. The same simulation can be extended to a greater 
number of wavelengths to determine the spreading along the solar spectrum. Figure 4b shows a two-
dimensional map of the light intensity obtained at the receiver surface for different wavelengths 
(480, 532, 650, 1000 and 1500 nm). A separation of around 4.5 cm is obtained between the two 
extreme wavelengths, allowing to easily accommodate at least three photovoltaic cells to convert the 
light. Within the visible range, a 3-cm-long light pattern is obtained. With respect to the spectrum 
! '!
obtained with our previous optical element, the new design allows for higher geometrical 
concentration. Simulations show indeed that the optical element is capable of concentration ratios 
reaching up to 210x for a single wavelength against 140x for the old design (see supplementary 
material). It has to be noted however that, due to the splitting, the concentration is reduced with 
respect to the geometrical one and it becomes dependent on the considered wavelength region. For 
polychromatic light, considering a wavelength band between 710 and 1000 nm, the beam is 
deflected on a region of area 0.6x1.6 cm2 (including beam divergence effects) with an effective 
concentration averaging 11x. The wavelength band from 450 to 710 nm is affected by a much larger 
change in refractive index of the material and is, therefore, spread out over a region of around 5 cm 
in length, giving an average concentration factor of 4.2x. Simulated results for the wavelengths 
between 1000 and 1500 nm provide a 0.7x1 cm2 collection region with concentration around 20.5x. 
The results are summarized in Table I while a complete description of the calculations is reported in 
the supplementary material. The calculation is performed to determine the light concentration 
assuming that one PV receiver is used to convert each wavelength band. By increasing the number 
of bands, and therefore the number of PV cells, the concentration for each band will increase 
together with the efficiency of the overall converting system. It is to be noted that, depending on the 
dimension of the receivers, the illumination might be not uniform, thus affecting the efficiency of 
the system [26]. 
 
Table 1. Geometrical concentration for different wavelength bands obtained on the receiver plane 
 
 
 
Fig. 4 a) Simulations of the optical element behaviour illuminated with collimated monochromatic light at two different 
wavelengths (480 and 650 nm). The figure shows that depending on the wavelength a different focal point on the receiver is 
obtained. b) Two-dimensional map of the light intensity obtained at the receiver surface. For this simulation 5 wavelengths 
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were set (480, 532, 650, 1000 and 1500 nm). The intensity at the source was 10 W/m2. The figure shows clear separation 
among different ‘colours’.    
4. Optical element realization and characterization 
The optical element was fabricated by injection molding, a manufacturing process in which the 
material is fed into a heated barrel, mixed, and finally forced into a mold cavity, where it cools and 
hardens to the configuration of the cavity. For this technique, no mechanical processing of the 
element is needed: the facets flatness and prism apexes are limited only by the mold quality and the 
fluid dynamical specification of the material. In terms of quality, injection molded components can 
achieve, with post processing treatment, a RMS roughness as small as 15 nm[27, 28]. For this 
technique an initial investment (around 10 k$) is needed to fabricate the mold; however, once the 
mold is ready, the fabrication cost of each element decreases significantly with the number of 
pieces. 
    
Fig. 5 a) Pictures of the optical element showing the actual dimensions of the device. b) Line profile of the textured surface of 
the optical element acquired with a profilometer. The shaded area of the graph shows also the comparison with the original 
profile of the device. c) Optical transmissivity of the element measured in the range 400-800 nm by using a spectrometer 
connected to an integrating sphere and illuminated with a polychromatic light source. 
Figure 5a shows a set of pictures of the optical element. The textured surface of the optical element 
was scanned with a profilometer to verify its shape. Figure 5b shows a line profile. Within the 
shaded area, the measured profile is compared with the original design: a good matching is obtained, 
apart at the interface between two prisms where the discrepancy, in the form of rounding effect, is 
probably due to polymer retraction during the cooling phase and/or insufficient pressure during the 
injection[29]. Figure 5c shows the transmissivity of the optical element over the range 400-800 nm. 
The measurement was carried out using a multi-chromatic light source coupled with an integrating 
sphere feeding to an Ocean Optics USB4000 spectrometer. The measurement shows that an optical 
transmissivity above 90% is obtained in the range of analysis, essentially limited by the reflection at 
the entrance surface: such result reveals that the optical element has very low optical losses. 
Nevertheless, higher efficiencies can be achieved by the use of antireflection coatings on the plastic. 
! )!
To extend the analysis also to the NIR and IR region, we report the transmissivity of PC in the 
supplementary material. Although PC is reported to have reliability and lifetime issues under 
sunlight exposure, UV degradation of PC can be inhibited by proper additive addition and its scratch 
resistance can also be improved by proper treatment[30, 31].     
To test the element in real condition it was chosen to operate under real solar illumination. This 
approach is advisable because the correct operation of the optical element relies on the limited 
divergence of solar light[25] and on a spectral match of the source with the sun. The effective beam 
separation is strongly affected by the optical divergence of the light source, which in solar 
simulators can be an order of magnitude greater than the sun’s divergence. An analysis of the 
performance of the optical device for different divergence angles of the light source is reported in 
the supplementary material. 
Figure 6a shows the light pattern obtained at the focal plane. The colours are distinct, however the 
dimensions of the spectrum are not exactly equal to those predicted by the simulations. First, the 
spectrum is wider than expected and second, the colour dispersion is less pronounced than in the 
simulations (the visible light spreads along the y-axis for less than 2 cm, compared to a prediction of 
3 cm). A reason for the first difference might be the divergence of solar light: the experiments were 
conducted in Abu Dhabi (United Arab Emirates), where studies performed on the direct solar beam 
divergence showed that the apparent dimension of the solar disks is significantly larger than 
expected due to humidity and high atmospheric dust levels[32, 33]. The less pronounced colour 
dispersion is in our opinion attributable to a slight difference in the dispersion curve of the employed 
PC with respect to the simulated curve, probably due to differences in the PC grade. To confirm this 
hypothesis we performed simulations whose results can be found in the supplementary material. In 
addition to that it can be noted that the contribution of some prisms falls outside the designed area, 
as can be appreciated in the bottom part of the Figure 6a where little ‘rainbow-like’ patterns can be 
seen. This is again probably due to inaccuracies in the manufacturing process of the optical element 
that in the end reduce the maximum concentration achievable. The colour separation was also 
confirmed by a spectral analysis with a moving probe (an optical fiber with high numerical aperture) 
feeding to a spectrometer. Figure 6b shows the light spectrum measured on three different spots at 
the center of the pattern. The fiber was mounted on a x-y stage and the data was acquired on three 
spots on the same x position, but on different y, as indicated by the markers in Fig. 6a. Each curve 
was then normalized with respect to their relative maximum to appreciate more easily the 
differences. The figure confirms the spectral separation, further validating the results shown in 
Figure 6a.   
     
Fig. 6 a) Picture of the spectrum of the optical element obtained at the focal plane. The light pattern is limited in space in both 
directions and shows the different colours separated along the y direction. b) Spectral content of the light pattern measured on 
three different spots along the y direction. The measurements were carried out with a 0.3 NA optical fiber. The separation 
along the y-direction between contiguous measurements was 0.5 cm. The graph shows a clear shift of the spectrum peak from 
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the blue to the red curve.     
 
5. Considerations about possible photovoltaic converting schemes 
So far we have demonstrated that the optical element described above is able to simultaneously 
separate different wavelength bands of the solar spectrum and to concentrate them in two directions. 
The spectral splitter represents however just half of the conversion system: in order to convert the 
sunlight, the optical element has to be indeed combined with a set of solar cells.  
As previously introduced, the presented design aims to decouple the cells used for different spectral 
conversion, providing a platform where, contrary to MJ cells, no lattice matching constraints exist. 
This allows for a larger set of spectrally matched converters, possibly sourced among different 
technologies. Fig. 7 shows three selections of possible combinations of three 1x1 cm2 cells 
positioned accordingly to the spectrum of our optical element, here replicated in scaled dimensions 
from the experimental results, and to their spectral response. In each selection, solar cells belonging 
to the same generation are shown (for a detailed description of each generation refer to [34]). Three 
receivers combinations are shown for each set; however, the number of receivers can be increased 
by optimizing their size. In the first set of absorbers, wafer-based materials are used to convert the 
sunlight. While such scheme allows for high conversion efficiencies (a theoretical study is reported 
in [35]), the high manufacturing costs of these materials is a deterrent for the development of 
spectral splitting systems. Nevertheless we performed simulations to determine the conversion 
efficiency, obtaining values around 30 %. Further details on the simulations can be found in the 
supplementary material. The second set is comprised of thin-film solar cells. CuIn1-xGaxSe2 is an 
interesting candidate for spectral splitting applications because of its composition-dependent band 
gap: its band gap varies continuously with x from about 1 eV (x=0) to about 1.7 eV (x=1)[36] and of 
recent development in bandgap tunable processing [37]. Therefore, short wavelengths can be 
converted by Ga rich CuIn1-xGaxSe2, while mid wavelengths can be converted by Ga poor CuIn1-
xGaxSe2. A study of Ga poor CuIn1-xGaxSe2 solar cells under limited wavelength-range application 
can be found in [38, 39]. For long wavelengths, consideration could be given to Hg1-yCdyTe cells 
(band gap = 0.6 eV). With respect to the first scheme, thin-film cells allow reducing the cost of 
materials (thin film solar cells are generally in between one and two order of magnitudes thinner 
than wafer-based solar cells). However, their efficiencies are lower with respect to wafer-based solar 
cells and their behaviour has not been thoroughly studied under concentrated illumination. Finally, 
the last set of absorbers consists of colloidal quantum dots (CQD) and nano crystal (NC) solar cells. 
The ability to tune the band gap of CQD and NC by changing their size as well as their low 
manufacturing process costs make this generation of solar cells particularly promising for spectral 
splitting and MJ cells[40]. However, at the current state, further development is needed for this 
generation of solar cells to compete with the others. In any case, spectral splitting technology is 
inherently “cell agnostic”, thus catalysing a broad competition between different promising cells 
technologies.  
! "+!
   
Fig. 7 Schematic of solar cells to be used in combination with the optical element. Three sets of receivers belonging to three 
different generations are shown. The dimensions of the cells (1x1 cm2) are in scale with the light pattern obtained from the 
optical element.   
6. Conclusions 
In this paper we present a low-cost design of a dispersive optical element for the splitting and 
concentration of the solar light. The conceptual framework and mathematical building model used in 
designing the element, made of a sequence of dispersive trapezoidal prisms, is discussed and the 
design is verified with ray-tracing simulations. We show that the optical element is capable of 
concentrating the incoming light into a pattern whose size is compatible with the dimensions of 
concentrating photovoltaic cell. The device, intended from the very beginning taking into account 
industrial production constraints, is fabricated by injection molding and is characterized in terms of 
geometrical and optical properties. We show that the results of the characterization are in line with 
what theoretically predicted. Optimization in the fabrication of the element (using the correct grade 
of PC and optimizing temperature and pressure conditions) is required to further improve its 
performance. In conclusion our device represents a potential solution for economically viable 
spectral splitting photovoltaic applications. The experimental analysis of the complete converting 
system (optical element + solar cells) will be object of another publication. 
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